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Abstract.  The  trajectories  of  intcrplanctar>  CMlis  (ICMts)  are  mixlified  by  their  interactions  with  solar  wind  streams.  These 
interactions  can  result  in  non-radial  dcllcctions  of  ICMR  trajectories  and  changes  to  their  rates  of  azimuthal  expansion.  The 
Solar  Mass  Ejection  Imager  (SMEI),  launched  earlier  in  2003  January,  has  provided  heliospheric  images  of  several  hundred 
ICMEs  during  the  declining  portion  of  solar  cycle  23.  We  selected  three  SMEI  ICMEs,  each  traversing  a  range  of  solar 
elongation  angles  e  >  20*^,  and  mea.sured  the  time  changes  of  their  leading-edge  profiles  plotted  against  position  angle,  PA. 
The  parabolic  fits  to  those  profiles  yielded  the  propagation  directions  of  the  ICM  Es  as  well  as  their  leading-edge  curvatures  and 
time  profiles.  The  selected  ICMEs  were  associated  with  LASCO  CMEs,  so  we  tracked  the  PA  variations  in  their  propagation 
over  1  to  3-day  periods.  We  found  good  fits  for  two  of  the  ICMEs.  but  one  yielded  generally  ptwr  fits. 

Keywords:  coronal  mass  cjccl  ion 
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THE  SOLAR  MASS  EJECTION  IMAGER 
(SMEI) 

The  SMEI  instrument  is  the  first  all-sky  imager  in  orbit 
and  was  launched  aboard  the  Coriolis  spacecraft  in  2003 
January.  SMET  is  in  an  840  km  circular.  Sun-synchronous 
orbit  along  the  Earth's  terminator.  It  consists  of  three 
cameras  that  map  nearly  the  entire  sky  in  white  light 
every  1 02  minutes  [5] .  The  mission  goal  is  to  demonstrate 
the  feasibility  of  detceting  interplanetary  eoronal  mass 
ejeetions  (ICMEs)  against  the  mueh  brighter  baekground 
sky.  The  basie  SMEI  goals  and  requirements  arc  [12]; 

•  Fly  a  proof-of-concept  Air  Force  experiment 

•  Traek  ICMEs  from  Sun  to  Earth 

•  Provide  an  all-sky  view,  updated  every  orbit 

•  Deteet  signal  at  1%  of  baekground  (zodiaeal  light 
and  stars) 

The  SMEI  uses  3  balTled  CCD  earn  eras,  each  of  which 
observes  a  60°  x3‘^  strip  of  sky  with  the  long  axis  approx¬ 
imately  spanning  solar  elongation.  The  eamera  fields 
of  view  are  aligned  end-to-end  and  slightly  overlapping 
sueh  that  they  sean  nearly  the  full  sky  eaeh  orbit  about 
an  orbital  axis  pointing  at  an  equatorial  deelination  of  - 
8.8°.  The  individual  4  s  data  frames  from  eaeh  eamera 
are  stitehed  together  to  make  a  nearly  full-sky  map  of 
eaeh  single  orbit,  exeluding  a  ~  20°  radius  region  around 
the  Sun.  Difference  maps  in  either  an  Aitoff  (Figure  1) 
or  fisheye  format  [10]  of  the  Thomson-seattered  sunlight 
from  density  enhancements  in  the  solar  wind  arc  cor¬ 
rected  for  scattered  light  and  sky  background  to  look  for 
ICMEs  as  antisunward  propagating  features  [13]. 


FIGURE  1.  The  camera  3,  2,  I  (blue,  green,  red)  strips  arc 
merged  into  an  A  i  to  IT  projection  for  each  orbit.  From  [13]. 

BACKGROUND 

The  properties  of  the  ICMEs  observed  by  SMEI  during 
the  first  1.5  years  of  operations  have  been  reported  in 
[13].  The  ICME  leading  edges  have  been  tracked  as  far 
as  possible  through  the  SMEI  field  of  view  {F(W)  to 
determine  their  speeds  expressed  in  terms  of  elongation 
angle  e  versus  time.  An  example  of  a  combined  profile 
of  a  SMEI  ICME  and  SOHO/LASCO  [Ij  CME  is  shown 
in  Figure  2.  The  elongation  angle  e  has  been  converted  to 
a  solar  distance  in  AU  using  the  assumed  simple  point-P 
approximation  in  which  the  height  (AU)  ^  sin  e.  That 
approximation  makes  the  dubious  assumption  of  non¬ 
radial  propagation  for  the  leading  edge  and  must  be  used 
with  caution  [1  Ij. 

The  tracking  of  the  farthest  point  of  the  leading 
edge  extracts  only  a  small  fraction  of  the  ICME  in¬ 
formation  available  from  the  images.  Of  interest  here 
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FIGURE  2.  A  plot  of  the  leading  edge  of  a  SMbI  ICME 
observed  in  2004.  The  points  in  the  lower  left  are  from  the 
SOHO/LASCO  CMb.  Only  a  single  point  in  PA  is  extracted 
from  eaeh  LASCO  and  SMbl  image  for  this  plot.  The  goal  of 
the  eurrent  work  is  to  examine  the  propagation  of  the  broad 
front  of  the  ICME  rather  than  only  at  a  single  PA  on  the  leading 
edge.  From  [9]. 


is  to  determine  the  3-D  propagation  features  of  ICME 
struetures.  This  ean  be  aeeomplished  by  the  eombined 
STEREO/SECCHI  [7]  [4]  and  SOHO/LASCO  instru¬ 
ments  now  in  operation.  In  the  meantime,  we  have  an 
archival  data  base  of  SMEI  images,  many  of  which  can 
be  combined  with  LASCO  images  to  study  ICME  prop¬ 
agation  as  a  function  of  position  angle  (PA)  in  the  sky.  In 
principle  these  images  ean  be  used  to  look  for  non-radial 
expansions  and  speed  variations  from  the  ICME  axis  to 
its  Hanks.  I’his  is  the  goal  of  the  present  work. 

Several  studies  motivated  the  current  effort.  Equator- 
ward  deflection  of  LASCO  CML  central  PAs  have  been 
observed  during  periods  of  solar  minimum  [2]  but  not  at 
maximum  [3].  Coronal  holes  arc  known  to  deflect  ICMEs 
near  the  Sun  [6],  so  we  have  an  opportunity  to  look  for 
those  effects  at  large  radial  distances.  In  addition,  we  can 
expect  that  interactions  with  solar  wind  streams  can  pro¬ 
duce  measurable  distortions  of  the  leading  edge  fronts. 

The  leading  edge  profiles  of  CMEs,  particularly  the 
most  distant  cases,  may  be  density  enhancements  asso¬ 
ciated  with  shock  fronts,  piston  fronts,  or  bright  cores 
of  the  piston  drivers.  The  linc-of-sight  locations  of  those 
leading  edges  arc  also  open  to  some  doubt.  However,  we 
suggest  that  there  is  much  insight  to  be  gained  by  de¬ 
termining  not  just  the  farthest  points  of  the  CME  lead¬ 
ing  edges,  but  also  the  shapes  of  those  leading  edges  and 
their  variations  with  time  and  distance,  which  can  rellect 
the  effects  of  acceleration,  magnetic  restoring  forces,  and 
solar  wind  interactions. 


FIGURE  3.  The  arc  of  the  2004  July  21  ICME  viewed  in 
SMEI  in  an  Aitoff  formal.  The  arrow  points  to  the  leading  edge 
of  the  northern  arc.  The  Sun  center  is  indicated  with  the  sign 
and  north  is  up. 


FIGURE  4.  The  earlier  LASCO  C3  image  of  the  2004  July 
2 1  ICME.  The  C3  field  of  view  is  much  smaller  than  the  SMEI 
field  of  view,  extending  from  3.7  to  30  Ro,  or  about  7.5®  from 
Sun  center,  here  and  in  Figures  5  and  6. 

SMEI  DATA  ANALYSIS 

From  an  updated  version  of  the  SMEI  ICME  catalog 
[13]  over  the  period  2003-2006  we  selected  the  three 
ICMEs  shown  in  Figures  3  through  6  to  analyze  the 
shapes  of  their  leading  edges.  There  were  two  bright 
arcs  associated  with  the  2004  December  4  ICME,  but 
we  report  details  only  on  the  broad  SE  arc.  Each  of  the 
ICMEs  was  associated  with  a  large  LASCO  CME.  Large 
areas  of  the  SMEI  sky  images  degraded  by  backgrounds 
of  geomagnetic  particle  radiation,  auroral  light,  and  the 
Moon  arc  obvious  in  the  SMEI  images  of  Figures  3,  5, 
and  6. 

We  followed  the  analysis  done  for  two  ICMEs  by 
Howard  ct  al.  (2007)[8],  as  shown  schematically  in  Fig¬ 
ure  7.  The  locations  of  the  ICME  leading  edges  were 
measured  in  sequences  of  images  and  were  fitted  to  sec¬ 
ond  order  polynomials  of  the  form 

e  =  eo  -aeoiVA  -PAq)- 

where  e  is  the  elongation  and  PA  the  position  angle, 
both  measured  in  degrees.  The  parameter  a  defines  the 
curvature  of  the  ICME  front  and  is  obtained  from 

d"£/d(PA)"=-2a8o 

We  did  least-squares  best  fits  to  the  PA  profiles  to  deter¬ 
mine  their  curvatures  a  and  centroids  PAo  as  functions 
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TABLE  I.  Parameters  of  the  2004  July  21  ICME 


Date 

Time 

UT 

PAo 

(deg) 

lO^a 

(deg)'^ 

Aa/a 

fo 

(deg) 

Jul  20 

14:54 

-25 

5.51 

0.290 

C2 

17:42 

-42 

4.46 

0.190 

C3 

Jul  21 

13:52 

cev 

15:38 

cev 

17:24 

cev 

20:51 

-21 

11.4 

0.100 

46 

22:31 

cev 

Jul  22 

00:32 

24 

1.58 

3.60 

54 

01:55 

18 

3.46 

0.440 

59 

03:32 

111 

1.41 

1.30 

76 

05:12 

cev 

06:52 

cev 

08:34 

cev 

10:21 

287 

0.401 

1.40 

FIGURE  5.  Left’.  The  are  of  the  2005  January  6  ICME 
viewed  in  SMEI  in  fisheye  format.  The  arrow  points  to  the 
leading  edge  of  the  southeastern  are.  Right:  The  earlier  LASCO 
C3  view  of  the  2005  January  6  ICME. 


of  time.  The  goal  was  to  see  how  those  parameters  vary 
with  inereasing  time  and  distanee  from  the  Sun.  For  caeh 
fit  we  determined  a,  Co,  PAo,  and  Aa/a,  a  measure  of  the 
uncertainty  of  a.  Wc  also  included  the  LASCO  C2  and 
C3  images,  but  without  a  distance  scale.  Typically  wc 
could  measure  3  to  10  points  of  the  leading  edge  on  each 
SMEI  subtracted  image.  The  PA  ranges  of  those  points 
varied  from  image  to  image  due  to  orbital  changes  of 
the  degrading  background  features.  Figure  8  shows  the 


TABLE  2.  Parameters  of  the  2005  January  6  ICM  E 


Date 

Time 

UT 

PAo 

(deg) 

lO^a 

(deg)- 

Aa/a 

£() 

(deg) 

Jan  5 

16:30 

117 

10.8 

0.079 

C2 

19:42 

104 

6.20 

0.350 

C3 

Jan  6 

14:52 

85 

10.6 

0.770 

31 

16:34 

87 

7.20 

0.500 

32 

18:14 

77 

6.00 

0.550 

35 

21:41 

23:20 

67 

cev 

6.40 

1.80 

42 

FIGURE  6.  Left:  The  SE  are  of  the  2004  Deeember  4  ICME 
viewed  in  SMEI  in  fisheye  format.  The  arrow  points  to  the 
leading  edge  of  the  broad  are  in  the  SE.  A  seeond  arc,  observed 
in  the  NNW,  was  not  analyzed.  Right:  The  earlier  LASCO  C'3 
view  of  the  2004  December  3  CME. 


TABLE  3.  Parameters  of  the  2004  December  4  K'ME 


Date 

Time 

UT 

PAo 

(deg) 

lO’a 
(deg)  - 

Aa/a 

fo 

(deg) 

Dec  3 

00:26 

188 

0.552 

1.92 

C2 

02:18 

143 

1.38 

0.790 

C3 

Dec  5 

02:20 

97 

4.29 

0.148 

96 

03:59 

91 

2.68 

0.330 

98 

05:38 

86 

2.47 

0.430 

104 

07:18 

87 

3.19 

0.716 

112 

08:58 

Unc. 

10:1 1 

cev 

results  of  a  similar  leading-edge  analysis  of  a  different 
SMEI  ICME  [8],  with  more  extensive  measurements  than 
in  our  ICMEs.  In  that  plot  the  distance  R  -  tan  c  for  an 
assumed  limb  ICME. 

Since  the  SMEI  all-sky  maps  arc  mosaics  of  scans 
from  each  of  the  cameras,  they  are  not  single  instanta¬ 
neous  images  as  arc  the  LASCO  images.  The  sky  scans 
are  made  with  a  continuously  decreasing  PA,  i.e.,  clock¬ 
wise  around  the  Sun,  as  viewed  on  the  maps.  Therefore 
the  measured  locations  of  an  ICME  leading  edge  as  a 
function  of  PA  in  a  single  map  will  have  significant  dif¬ 
ferences  in  time  that  will  produce  some  distortions  to 
the  leading-edge  shape.  The  360*^  sky  scan  takes  102 
minutes,  so  a  rough  estimate  of  that  timing  difference 
is  ~3.57minute.  For  the  Hanks  of  an  ICME  width  of 
60^  or  90^^  this  is  about  1 7  or  26  minutes,  respectively. 
The  characteristic  ICME  elongation  speed  is  ~l®/hour, 
so  the  elongation  distortion  across  a  90*^  ICME  span  is 
<  I®,  roughly  the  uncertainty  in  our  measurements.  Be¬ 
cause  the  smaller  PAs  are  measured  later  as  the  ICME 
propagates  antisunward,  a  slight  bias  toward  a  smaller 
PAo  is  introduced  in  the  measurements.  Note  that  ICME 
leading-edge  measurements  made  at  various  times  at  a 
fixed  PA  are  not  subject  to  this  timing  bias. 


410 


0  \  liin  lo  I  4t»  154  l-U  4'  KotliNliihiilMni  l<>  Ml*  lic^’nvc'  di  vd|nfn:hl.  >.vV  Inip.  I'mcmlinys  .up  oru  pfk\;catinu'>  >.|V.r  (Np 


FIGDRK  7.  The  leading  edge  data  points  £  versus  PA  are 
fitted  to  a  parabola  (dotted  line)  PA  is  measured  from  ecliptic 
north  (N)  and  PAq  indicates  the  centroid  of  the  ICMF.  A  fit 
with  an  a  =  0  eorresponds  to  the  solid-line  eireular  front  of  e 
=  fo  as  assumed  in  a  eonieal  model.  An  increasing  positive  a 
yields  a  more  prolate  shape,  and  a  negative  a  yields  a  coneave 
(CeV)  front  shown  by  the  dashed  line. 


wroNO  tJCRfVA’ivf.  rtfl, 


0  10  »  »  *0  »e 

^  IMXXn  OOflO  cm 


FIGURE  8.  An  example  [8]  showing  the  seeond  rate  of 
change  of  the  distance  R  versus  the  PA,  d^R/d(PA)^.  The  nega¬ 
tive  values  reflect  namnver  curvature  fits  of  the  leading  edges. 
The  plots  can  also  be  exploited  to  determine  deviations  from 
radial  propagation. 

RESULTS 

The  parametric  fits  are  given  in  Tables  1,  2,  and  3  ac¬ 
companying  the  event  f  igures.  In  some  cases  the  fitting 
program  found  an  outward  concave  parabolic  fit  (CCV  in 
the  tables  and  dashed  eurve  of  Figure  7)  to  be  optimum 
for  the  data,  whieh  generally  oeeurred  when  we  eould  ob¬ 
serve  only  a  small  segment  of  the  ICME  are.  The  July  2 1 
ICME  of  Figure  3  was  the  worst  ease  in  this  regard.  Even 
when  expected  convex  fits  were  achieved,  large  changes 
in  PAo  and/or  high  values  of  Aa/a  indicated  poor  qual¬ 
ity  fits. 

The  leading-edge  parabolic  fits  of  the  other  two  SMEl 
ICMEs  were  much  better  than  that  of  July  2 1 .  For  the 
January  6  (Figure  5)  ICME  PAq  gradually  decreased  by 


rotating  away  from  the  ecliptic  plane,  with  a  approxi¬ 
mately  constant.  The  large  SE  arc  of  the  2004  December 
4  (Figure  6)  ICME  was  described  by  a  slowly  decreasing 
PAo  near  the  ecliptic  plane,  with  a  again  constant.  The 
earlier  LASCO  CME  of  that  event,  however,  was  directed 
far  south  of  the  ecliptic  plane. 

fhe  technique  of  fitting  the  broad  fronts  of  ICMEs  to 
parabolic  fits  should  prove  very  useful  for  the  STEREO 
observations.  The  SMEl  database  is  substantial,  but  im¬ 
ages  with  large,  clear  fields  of  view  of  distinct  ICME 
fronts  arc  few,  and  we  have  selected  from  the  best  events. 
This  work  should  prove  useful  in  interpreting  both  the 
physical  structures  and  the  locations  of  the  ICMEs. 
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